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MATERIAL FOR MAGNETIC REFRIGERATION, PREPARATION AND APPLICATION 

The invention relates to a material that can be 
used for magnetic refrigeration. 

Such a material is known, for example, from the 
review "Recent Developments in Magnetic Refrigeration" by 
5 K. A. Gschneidner Jr. et al. in Materials Science Forum 

Vols. 315-317 (1999), pp. 69-76. This article reports that 
a search for new materials with improved magnetocaloric 
properties has led to the discovery of a strong magneto- 
caloric effect (MCE) in Gd metal and in Gd 5 (Si x Gei- x ) 4 
10 alloys, among which Gds(Si2Ge 2 ). 

Such new materials make it possible to use mag- 
netic refrigeration (MR) in refrigerated storage and re- 
frigerated transportation of food, air conditioning in 
buildings and vehicles, etc. 
15 A great advantage of magnetic refrigeration is 

that it is an environmentally safe technology that does 
not use ozone layer-depleting chemicals such as CFC's, 
hazardous chemicals such as NH 3 , greenhouse gasses, etc. 
Moreover, because of the expected energy-efficiency, the 
20 amount of energy consumed and consequently the emission of 
C0 2 will be reduced. 

A draw-back of the known materials that can be 
used for magnetic refrigeration is that they are not opti- 
mally applicable in the temperature range from approxi- 
25 mately 250 to 320 K. Also, the known materials that are 
suitable for magnetic refrigeration such as the above- 
mentioned Gd 5 (Si x Gei- x )4 alloys are very expensive, which 
hinders their use on a large scale. 

There is a continuous need for new materials that 
30 are useful for magnetic refrigeration. 

It is an object of the present invention to avoid 
the above-mentioned draw-back and to fill the aforemen- 
tioned need. 
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According to the present invention, this goal is 
achieved with a material according to the preamble, 
wherein the material substantially has the general formula 

(AyB X -y)2+6(Cl-xDx) 

5 wherein 

A is selected from Mn and Co; 
B is selected from Fe and Cr; 

C and D are different and are selected from P, 
As, B, Se, Ge, Si and Sb; and 

10 x and y each is a number in the range 0-1, and 

5 is a number from (-0.1) to (+0.1). 
With such a composition it is possible to obtain 
a magnetocaloric effect that is stronger than that ob- 
tained with pure Gd. This is absolutely unexpected, be- 

15 cause the magnetic moments of Gd-materials are by a factor 
of 2 greater than those of transition metal alloys, for 
which reason strong magnetocaloric effects are only ex- 
pected in Gd-materials. The cooling capacity of the mate- 
rials according to the present invention may therefore be 

20 higher than that of the best Gd-based materials referred 
to in the article by Gschneidner Jr. et al.. (see above) . 
Moreover, the maximum cooling capacity covers a much more 
useful range of temperature with regard to the application 
in, for example, an air conditioner. 

25 A further advantage of the materials according to 

the present invention is that they are comprised of widely 
occurring elements, so that large-scale application is 
possible. 

The magnetocaloric effect is so strong that it 
30 becomes possible to work with a magnetic field generated 
by permanent magnets instead of (optionally superconduc- 
tive) electromagnets . 

A further advantage is that the materials accord- 
ing to the present invention do not or not readily dis- 
35 solve in water. 

Preferably in the material according to the pres- 
ent invention at least 90%, preferably at least 95% of A 
is Mn; at least 90%, preferably at least 95% of B is Fe; 
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at least 90%, preferably at least 95% of C is P; and at 
least 90%, preferably at least 95% of D is As or Sb. 

Particularly preferred is an alloy having a com- 
position wherein a part of the As is replaced by Si and/or 
5 Ge. Especially preferable is an alloy wherein 1 - 40% of 
the As is replaced with Si and/or Ge, more preferably 10 - 
30%, still more preferably 17 - 23%, and wherein most 
preferably 20% of the As is replaced with Si and/or Ge. 

If A is Mn and B is Fe, it is further possible to 
10 replace up to 25% of the Fe with Mn, more preferably up to 
15%, and most preferably to replace 10% of the Fe with Mn. 

According to a further preferred embodiment, the 
material has the general formula MnFe (Pi- x As x ) or 
MnFe (Pi-xSbx) . 

15 These two materials produce a high cooling capac- 

ity in the temperature range of 250 to 320 K. Of these two 
materials MnFe (Pi- x As x ) is the most preferred, because of 
its exceptionally strong magnetocaloric effect. If there 
is a possibility that the compound according to the inven- 

2 0 tion comes into contact with the environment, (MnFePi- x Sb x ) 
is preferred because, in contrast with MnFe (Pi- x As x ) , no 
poisonous arsenic compounds can develop during decomposi- 
tion. 

An even stronger magnetocaloric effect is ob- 
25 tained with an alloy in which a part of the As is replaced 
with Si and/or Ge in the above-mentioned quantities, re- 
sulting in an alloy complying with the formula 
MnFe (Pi-x (As, Si, Ge) x ) . Then a most preferable alloy is ob- 
tained having a composition complying with the formula 

30 MnFe(Pi- x As 0 .8x(Si/Ge)o.2 X ) . 

Favourable results are also obtained when x is a 
number in the range from 0.3 - 0.6. 

Especially for MnFe (Pi- x As x ) , a suitable choice of 
x will allow the ferromagnetic ordering temperature at 

35 which an optimal magnetic refrigeration effect is obtained 
to be adjusted from 150 to 320 K. In this way favourable 
results are obtained with a material according to the in- 
vention, in which the material substantially has the gen- 
eral formula MnFePo.45Aso.55. When, according to the pre- 
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ferred embodiment described above, a portion of the As is 
replaced with Si and/or Ge, the magnetocaloric effect is 
improved even further. Most preferably the alloy then has 
a composition having the formula MnFePo.45Aso.45Sio.10 or 
5 MnFePo.45Aso.45Geo.10. 

The present invention also relates to a method 
for the manufacture of the material having the general 
formula MnFe (Pi- x As x ) or MnFe (Pi- x Sb x ) , wherein powders of 
iron arsenide (FeAs2) or iron antimony (FeSb2) ; manganese 

10 phosphide (Mn3P2) ; iron (Fe) ; and manganese (Mn) are mixed, 
mechanically alloyed and sintered in suitable quantities 
to produce a powder mixture that complies with the general 
formula MnFe (Pi- x As x ) or MnFe (Pi- x Sb x ) and the powder mixture 
is subsequently molten under an inert atmosphere and an- 

15 nealed. 

A particularly preferable method starts out from 
Fe2P, MnAs2f Mn and P in suitable weight proportions, these 
are mixed, the powder mixture is melted, and the resulting 
alloy is finally annealed. The starting materials may, for 

20 example, be treated in a ball mill to produce an alloy. 

This alloy is subsequently sintered under an inert atmos- 
phere and then annealed, for example, in a suitable fur- 
nace. Especially an alloy of the composition MnFePo.45Aso.55/ 
in which preferably a portion of the As is replaced with 

25 Si and/or Ge, preferably an alloy of the composition 

MnFePo.45Aso.45Sio.10 or the composition MnFePo.45Aso.45Geo.1Of 
will exhibit a magnetocaloric effect at room temperature 
that is stronger than the one found when using pure Gd. 
This is contrary to the general expectation because based 

30 on the usual models, strong magnetocaloric effects are 

only expected in rare earth materials, as the magnetic mo- 
ments in these materials are by a factor 2 or even more 
greater than in transition metal alloys. However, those 
models apply only at low temperatures. At room temperature 

35 a stronger magnetocaloric effect may occur in suitable al- 
loys based on transition metals according to the inven- 
tion . 

It has been shown that if the above-mentioned 
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materials MnFe (Pi- x As x ) and MnFe (Pi- x Sb x ) are prepared start- 
ing out from the pure materials As or Sb, P, Fe and Mn, 
and optionally Si and/or Ge, the resulting materials do 
indeed also exhibit a strong magnetocaloric effect but, on 
5 the other hand, also a considerable temperature hystere- 
sis. This means that when the material has been magnetised 
once, it must first be further heated and cooled before 
the same magnetocaloric effect can be measured at the same 
temperature for the second time. 

10 Prior to melting, the powder mixture is prefera- 

bly first compressed into a pill. This reduces the chance 
of material loss when the material is being melted. 

When melting the powder mixture under an inert 
atmosphere, it has been shown to be advantageous for this 

15 inert atmosphere to be an argon atmosphere. This reduces 
the occurrence of contaminants in the material during 
melting. 

It is also preferable for the molten powder mix- 
ture to be annealed at a temperature in the 750 - 900°C 
20 range, e.g. 780°C. This results in a low concentration gra- 
dient in the material. 

Finally, the present invention relates to the 
application of the material according to the invention 
with magnetic refrigeration in the 250 - 320 K range. The 
25 material according to the present invention may be used, 

among other things, for food refrigerators, air condition- 
ers, computers, etc. 

The method according to the present invention 
will now be further elucidated with reference to a non- 
30 limiting exemplary embodiment. 

Example 1 

1.8676 g iron arsenide (FeAs2) powder (AlfaAesar 
Research Chemicals Catalogue, 2N5 stock# 36191), 1.4262 g 
35 manganese phosphide (Mn 3 P2, 2N stock# 14020), 1.1250 g iron 
(Fe, 3N stock# 10213), and 0.5882 g manganese (Mn, 3N 
stock# 10236) were mixed by hand. The powder mixture was 
compressed to a pill and subsequently melted under argon 
atmosphere. The nominal composition of the pill was 
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Mn1.01FePo.43Aso.62- Subsequently, the molten pill was an- 
nealed for 3 days at 7 8 0°C. After melting, the pill weighed 
4.639 g, which means that 0.41 g was lost due to the mate- 
rial splashing and vaporising during melting. Microprobe 
5 analysis of the material showed that minor concentration 
gradients occurred in the material which, however, ap- 
peared to have no negative effect on the magnetocaloric 
effect. Lower concentration gradients may be obtained by 
annealing at a slightly higher temperature, such as 850°C. 

10 Of the above prepared materials (with the general 

formula MnFe (Pi- x As x ) , wherein x substantially is approxi- 
mately 0.6) and of the materials prepared analogous to the 
method 1 mentioned above, wherein x substantially is be- 
tween 0.4 and 0.5, respectively, the temperature- 

15 dependence of the magnetisation, the magnetocaloric effect 
AS m and the cooling capacity were determined. The cooling 
capacity was compared with that of the materials Gd and 
Gd5(Si 2 Ge2) described in the article by Gschneidner Jr. et 
al . - (see above) . 

2 0 Fig. 1 shows the temperature-dependence of the 

magnetisation ( M M" in emu/g) of MnFe (Pi- x As x ) in the tem- 
perature range 0 - 400 K in a magnetic field of 0.05 T. 
The "A" after MnFe (Pi- x As x ) indicates that the material was 
first subjected to a heat-treatment (72 hours at 780°C) . 
25 The strongest magnetisation for x = 0 . 6 is obtained 

approximately at room temperature (ca. 298 K) . Thus this 
material produces a good magnetisation at room temperature 
and at a very small magnetic-field change. 

Fig. 2 shows the magnetocaloric effect ASm of the 

3 0 materials at a magnetic field changes of 0 - 2 T and 

0 - 5 T. From Fig. 2 can be seen that the materials ac- 
cording to the invention, in particular the material 
wherein x substantially is approximately 0.6, exhibit a 
favourable magnetocaloric effect in the temperature range 
35 from approximately 250 to 320 K. 

Fig. 3 shows the cooling capacity of some 
MnFe(Pi-xAs x ) materials and of the Gd and Gd 5 (Si 2 Ge2) materi- 
als referred to in the article by Gschneidner Jr. et al.., 
at a field change of 0 - 5 T. The materials according to 



WO 03/012801 PCT/NL02/00463 

7 

the present invention do indeed exhibit a lower cooling 
capacity than the most effective prior art materials men- 
tioned in the article by Gschneidner Jr. et al.., but the 
maximum cooling capacity of the materials according to the 
5 invention lies in a temperature range that is much more 
useful for application in, for example, an air conditioner 
or a computer. 

Example 2 

10 As starting materials Fe 2 P, MnAs 2 , Mn and P in the 

form of powders, were mixed in suitable quantities in a 
ball mill in order to produce a mixture with the general 
formula MnFePo.45Aso.55. The powder mixture is heated in an 
ampoule under an argon atmosphere. Heating takes place at 

15 a temperature of 1273 K. The alloy is subsequently homoge- 
nised at 923 K. The first step of this heat treatment, 
sintering, takes approximately 5 days, as does the second 
step, annealing at 923 K. The minimum duration for carry- 
ing out the first step is 1 hour, while the minimum dura- 

20 tion for the second step is 1 day. 

The magnetocaloric effect at room temperature of 
the alloy obtained by this method is stronger than that 
obtained when using pure Gd. 

A general advantage of the preparation according 

25 to this example is, among other things, that there are no 
weight losses and that the material becomes more homogene- 
ous . 

The appended figures 4-7 show the advantages of 
the alloy according to the invention as prepared in accor- 
30 dance with the above described method. Fig. 4 shows the 

magnetic transition temperature as function of the applied 
field. 

Fig. 5 shows the magnetisation curves at several 
temperatures around T c . 
35 pig. 6 shows the change of the magnetic entropy 

for various field changes. For comparison, the values of 
the change of the magnetic entropy of a prior art mate- 
rial, namely the one according to the article by Gschneid- 
ner Jr. et al.., is represented. Clearly, at higher tern- 
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peratures, the material according to the invention pro- 
vides an excellent effect. 

Finally, Fig. 7 shows the cooling capacity for 
various fields applied to the material. For comparison, 
5 the values for the cooling capacity of Gd and the material 
referred to in the article by Gschneidner Jr. et aL. are 
represented. Here, too, the advantages of the material 
according to the invention are quite obvious. 

The present invention is not limited to the 
embodiment shown in the figures and described in the exem- 
plary embodiment. More particularly, part of the As may be 
replaced with Si and/or Ge, as explained in more detail in 
the specification. They may be varied in numerous ways 
within the protective scope established by the claims. 



